Abstract Melusin is a protein selectively expressed in skeletal muscles and heart and highly conserved in vertebrates. Melusin is part of the heat shock protein 90 machinery and acts as molecular chaperone in controlling cardiomyocyte survival and adaptive hypertrophy signaling pathways in the heart in response to different stress conditions. The role of melusin has been extensively investigated in genetically modified mice over the past years disclosing an important cardioprotective function of this unique muscle-specific chaperone protein in different pathological conditions. This review highlights the findings in animal models and the molecular mechanisms underlying melusin cardioprotective function.
Melusin (also known as ITBP1BP2) was isolated in a twohybrid screening as protein binding to the cytosolic domain of b1 integrin, the plasma membrane receptors that mediate cell attachment to the extracellular matrix and connect contractile cytoskeleton to the plasma membrane [3] .
Melusin is selectively present in skeletal muscles and heart and its expression is turned on during myogenesis in developing embryos reaching a plateau level in newborn and adult mice. Melusin function in heart has been investigated mainly by generation of loss and gain of function genetic mouse models (see summary in Table 1 ). Null mice are healthy and fertile and do not show defects in striated skeletal and cardiac muscle development and structure. In physiological conditions, myocardial function is fully retained in the absence of melusin in terms of left ventricle (LV) diameters, wall thickness and contractility [2] indicating that neither cardiac development nor basal function is affected by the absence of melusin in normal physiological conditions. Melusin function, however, is becoming apparent when the left ventricle is subjected to stress conditions such as aortic stenosis caused by surgical aortic banding. In such conditions, cardiomyocytes lacking melusin fail to activate the hypertrophy program needed to tackle the increased workload. Indeed, while wild-type mice subjected to 4 weeks of aortic stenosis develop a typical compensatory hypertrophy with retained contractile function, melusin null mice show an impaired cardiomyocyte hypertrophy and develop accelerated left ventricle dilation, chamber wall thinning and depressed contractility [2] .
The key role of melusin in heart response to stress is further demonstrated by a gain of function transgenic mouse model in which melusin is selectively overexpressed in the heart [8] . Melusin overexpression induces mild cardiomyocytes hypertrophy in basal condition and slightly increased left ventricle wall thickness without altering contractile function nor leading to cardiomyopathy in aged mice [8] . Importantly, moreover, when heart is subjected to prolonged aortic stenosis conditions (12 weeks surgical aortic banding) melusin overexpression prevents the transition toward dilated cardiomyopathy and heart failure allowing to maintain concentric compensatory hypertrophy and full contractile function [8] . This cardioprotective function is characterized by reduced infiltration of inflammatory cells, absence of fibrosis, increased capillary density and reduced cardiomyocyte apoptotic death [8] , a pattern of cardiac remodeling closely resembling that induced by physical exercise.
The left ventricle pressure overload model described above mimics human pathological conditions such as chronic aortic stenosis, long-standing systemic arterial hypertension or left ventricle outflow tract obstruction, which impose a biomechanical load that triggers an initial adaptive left ventricle hypertrophy useful to match the requirement for increased contractile power. With persistence of the biomechanical noxa imposed by aortic stenosis, adaptive hypertrophy becomes exhausted and left ventricle chamber undergo wall thinning, and contractility decreases to a point that can no longer match the body requirement. This process is accompanied by loss of cardiomyocytes, deposition of stromal tissue and reduced density of capillary vessels, a process known as maladaptive cardiac remodeling characterizing heart failure conditions. Such maladaptive remodeling can also arise in consequence of myocardial infarct [20] . In this frequent pathological condition, ischemia due to coronary vessel occlusion causes irreversible damage to the cardiac tissue which is progressively replaced by a scar of non-contractile connective tissue. When such damage involves significant portion of the left ventricle, cardiac rupture can occur in the early phase after the ischemic insult. The portion of the myocardium not interested by the ischemia undergoes deep remodeling in response to the haemodynamic stress imposed by the loss of infarcted portion. A poor response in this ''recovery'' phase can lead to maladaptive remodeling with consequent heart failure. Melusin overexpression in the heart, exerts a dual protective action following myocardial infarct induced by left descending coronary permanent ligation. In the early phase, it reduces inflammation and protects against cardiac rupture [40] . Interestingly, melusin protection is gender dependent being effective in male mice, but barely appreciated in female. This can be explained by the much higher susceptibility of male mice to myocardial infarction-induced cardiac rupture.
Melusin overexpression in the heart also results in an improved response of the surviving myocardial tissue distal to the ischemic area. Indeed, during the 2 weeks after coronary ligation, left ventricle dilation and wall thinning is reduced in melusin overexpressing heart allowing better recovery of contractility [40] .
The permanent coronary ligation infarct model used in the experiments reported above represents a very severe pathological condition which only partially mimics the human pathology where prompt coronary re-opening is the current standard of cure. Such important maneuver, however, causes further tissue damage due to sudden re-oxygenation. In fact, re-establishing coronary flow rapidly restores the trans-sarcolemmal proton gradient, exacerbating intracellular Na ? and Ca 2? overload induced during the ischemic phase. High cytosolic Ca 2? levels can have profound negative effects on the cardiomyocyte in reperfusion [25] , inducing contractile dysfunction as well as opening of the mitochondrial permeability transition pore with Human heart biopsies Endogenous melusin RNA and protein levels parallels the functional cardiac impairment [4] consequent increased reactive oxygen species (ROS) generation and the initiation of pro-death pathways [18] . This event, known as ischemia reperfusion injury, causes increased cardiomyocyte death and tissue injury paradoxically amplifying the initial ischemic damage. Melusin overexpression reduces the infarct size in an ex vivo whole heart setting (Langendorff) of transient ischemia, clearly protecting from reperfusion injury [28] . As discussed above, the pathophysiological conditions leading to heart failure in consequence of pressure overload, myocardial infarction and ischemia/reperfusion injury are quite distinct. In spite of these differences, all these pathological events result in excess cardiomyocyte workload and activation of common salvage pathways aimed to sustain cardiomyocyte function and survival. The ability of the muscle-specific chaperone melusin to sustain these pathways (see below) can explain the broad cardioprotective action of melusin in all these pathophysiological conditions.
Altered melusin expression in experimental and human cardiomyopathies
Melusin expression is upregulated during skeletal muscle regeneration [3] and in the heart left ventricle during the first week of pressure overload imposed by aortic banding [8, 35] . This timing coincides with the initial compensatory hypertrophy response of the left ventricle to the pressure overload conditions. However, after 12 weeks of pressure overload, when dilation of the left ventricle and loss of contractility occurs, melusin level is decreased [8] . Initial increase followed by late decrease of melusin level was also reported in a volume overload dog model [9] . Melusin levels in the left ventricle also directly correlate with the rate of left ventricle pressure rise in systole (LVdp/dt) and fractional shortening in a rat myocardial infarct model analyzed at different time points after myocardial infarct [17] (Table 1 ). More interestingly, such correlation is also present in a cohort of 17 human aortic stenosis patients with severe heart failure and undergoing heart transplantation [4] (Table 1 ). Other authors have reported no alteration of melusin expression level in the heart of five idiopathic dilated cardiomyopathy and eight ischemic dilated cardiomyopathy patients undergoing heart transplantation [29] . Whether this apparent discrepancy with the results in aortic stenosis patients can be ascribed to different pharmacological treatment or different etiology of the dilated cardiomyopathy remains to be established. Melusin is also expressed in the myocardial atria where it is upregulated in response to neurohumoral stimuli such as arginine(8)-vasopressin, angiotensin-II and endothelin [1] . Melusin down-regulation in different cardiac pathological conditions and functional analysis of transgenic mice, suggest that increasing melusin expression in the left ventricle can be an important therapeutic approach (see last paragraph).
Mutation of melusin gene in human cardiomyopathies
The functional properties described above point to a possible role of melusin as ''modifier gene'' whose alteration in sequence or expression could be responsible for increased susceptibility to develop cardiomyopathy in the presence of different pathological stress stimuli. This consideration prompted the search for melusin gene mutations in cardiopathic patients. Surprisingly, this analysis, carried out by three independent laboratories, indicated that mutation of melusin gene is a very rare event. Two missense mutations (His13Tyr, Ala313Gly) were described in probands with a history of familiar cardiomyopathy [27, 32] . The His13Tyr mutation causes the substitution of a conserved amino acid residue in the CHORD I domain (Cysteine and Histidinerich domain) ( Fig. 1 ) and was present in the family of a patient with hypertrophic cardiomyopathy [27] . The Ala313Gly mutation is present in the carboxy terminal region linking the CS (domain shared by CHORD containing protein and Sgt1) to the acidic domain ( Fig. 1 ) and was identified in the family of patients with dilated cardiomyopathy [32] . The causative significance of these mutations in the context of the cardiomyopathy, however, is unclear since their segregation in the family members did not always correlate with the cardiomyopathy. One additional silent mutation and a duplication of intronic nucleotides, as well as a number of single nucleotide polymorphisms were described in a screening involving 1,550 patients and healthy control subjects [27] . Overall these data indicate a very high degree of conservation of the melusin gene within the populations analyzed and tend to exclude that genetic variations of melusin gene can have a significant impact on the epidemiology of cardiomyopathy.
Molecular mechanisms of melusin mediated heart protection
The cardioprotective function of melusin [8, 40] is associated with an adaptive cardiac remodeling characterized by increased cardiomyocyte hypertrophy and survival as well as with decreased inflammatory cell infiltrate and deposition of fibrosis. Cardiomyocytes from melusin overexpressing heart, in fact, show increased diameter and length both in basal conditions and after chronic stress stimuli [8] . Notably, the hypertrophy marker alpha skeletal actin, an actin isoform upregulated in human failing heart as well as in experimental cardiomyopathy models, is downregulated in melusin overexpressing hearts both in basal conditions and after pressure overload induced by aortic stenosis [8] . At the same time, melusin overexpression induces increased levels of atrial natriuretic peptide [2, 8] , a well-known protective agent in heart failure [26] .
Melusin overexpression also prevents cardiomyocyte apoptotic death in response to pressure overload [8] , myocardial infarct [40] or ischemia reperfusion injury [28] . Cultured cardiomyocytes overexpressing melusin, moreover, are protected from apoptosis induced by oxidative stress [33] , thus indicating that melusin overexpression can Taurus) , swine (Sus scrofa), rat (Rattus norvegicus) and mouse (Mus musculus) melusin. CHORD domains are underlined and CS domain is double underlined. Asterisks under the sequences indicate invariant residues, colons indicate strongly similar residues and dots indicate weakly similar residues. In bold are highlighted amino acids conserved from plant to mammals CHORD domains sustain cardiomyocyte survival in response to different myocardial pathological conditions.
Melusin overexpression also reduces inflammatory cell infiltrate and fibrosis [8, 40] . The mechanisms involved in these functions have not been investigated in details, but reduced inflammatory reaction is paralleled by decreased expression of CXCL10 and increased expression of Pgf, two inflammatory cytokines involved in recruiting leukocytes to inflamed tissues [24] and in promoting reparative inflammation [6] , respectively. Moreover, decreased level of TGF-beta has been detected in melusin overexpressing heart subjected to chronic pressure overload consistently with the decreased collagen synthesis and deposition [8] .
The pro-hypertrophy and pro-survival function of melusin are dependent on its ability to potentiate the extracellular signal-regulated kinases ERK1/2 and the AKT (also known as protein kinase B) signaling. Elevation of melusin expression in the heart is sufficient to induce increased level of phosphorylation of both AKT and ERK1/2 in basal conditions [8] . Moreover, phosphorylation of these signaling proteins in response to acute surgical aortic stenosis is potentiated by melusin overexpression [8] . Activation of AKT and ERK1/2 signaling is required for the melusin-induced cardiomyocyte hypertrophy as demonstrated by the use of specific pharmacological inhibitors in cultured cardiomyocytes [8, 33] . Melusin-dependent activation of these pathways, moreover, is required for cardiomyocyte protection from apoptosis in response to oxidative stress [33] as well as to reduced tissue damage and infarct size in an ischemia reperfusion injury ex vivo model [28] . Overall, these data demonstrate that the cardioprotective function of melusin is dependent on its ability to potentiate these signaling pathways, likely through melusin chaperone function. In fact, as discussed in the following paragraph, melusin belongs to the class of small chaperone proteins [14] and it binds to, and cooperates with, the large heat shock protein 90 (Hsp90) [35] .
Melusin chaperone function in ERK1/2 and AKT signaling
Chaperones are a large family of molecules assisting protein folding, assembly of supra-molecular structures and performing protein quality control during intense protein translation activity [19, 37] . The best known chaperones are Hsp70 and Hsp90 which primarily recognize hydrophobic amino acid side chains exposed by non-native proteins and promote their folding through ATP-regulated cycles of binding and release. Different classes of chaperones are usually acting in concert to assist protein folding and their action is tightly controlled by so-called cochaperones, a class of molecules that mediate the specificity of a chaperone reaction by choosing the target protein, presenting it to Hsp70 or Hsp90, and coordinating the cycle of binding and release [5, 37] .
The fact that accumulation of misfolded proteins in the heart plays a key role in the onset and progression of cardiac hypertrophy and of different forms of cardiomyopathies, is an emerging concept. In fact, mechanical stretching, hypertrophic growth and oxidative stress can induce misfolded protein accumulation, causing cardiomyocyte death or dysfunction [38, 44] . The ability of chaperone proteins to assist protein folding, however, is not only crucial during protein synthesis, but also instrumental to signal transduction. In fact, activation and deactivation of signal transduction proteins involve conformational switches which require chaperone assistance for maximal efficiency. In particular, Hsp90 regulates stability and activation state of a wide range of signal transduction proteins including several tyrosine and serine/threonine kinases such as pp60/v-src, Wee-1, Cdk4, Raf, AKT, PI3K and PDK1 [12, 41, 45] in addition to the extensively characterized steroid hormone receptor [31] . The crucial importance of chaperone function in signal transduction is highlighted by the fact that Hsp90 inhibitors induce tumor cell growth arrest and apoptosis by blunting a wide range of signaling pathways [15, 22] .
Indeed melusin, in addition to Hsp90, binds a number of signaling molecules, including the mitogen activated protein kinases c-Raf, MEK1/2 and ERK1/2, the Focal Adhesion Kinase (FAK) and the scaffold protein IQGAP1 [33] (Fig. 2; Table 2 ). Interestingly, in vivo analysis of transgenic mice subjected to surgical banding of the aorta demonstrated that melusin-bound ERK1/2 is activated following biomechanical stress in a FAK and MEK1/2 dependent manner [33] .
The melusin interactor, IQGAP1, is a scaffold protein for the MAPK cascade, capable to bind to all the components of the cascade (Raf, MEK1/2 and ERK1/2) allowing their sequential activation [10, 34] . Indeed absence of IQGAP1 in the melusin complex leads to defective ERK1/ 2 activation in response to biomechanical stress. Moreover, in vitro analysis on neonatal cardiomyocytes demonstrated that both FAK and IQGAP1 are required for melusin-dependent cardiomyocyte hypertrophy and protection from apoptosis through the regulation of ERK1/2 activity [33] . The crucial importance of IQGAP1 as MAPK scaffold downstream of melusin is also confirmed in vivo. In fact, in the absence of IQGAP1 mouse hearts display defective ERK1/2 activation and undergo unfavorable cardiac remodeling with accelerated dilation, contractile dysfunction and increased cardiomyocyte apoptosis upon prolonged biomechanical overload [34] .
The ERK1/2 pathway is activated by multiple stimuli in addition to mechanical stretching including adrenergic, neuro-endocrine and growth factors. These stimuli can result in either adaptive or maladaptive cardiac response [39] depending on the specific molecules targeted by the activated ERK1/2. The target specificity of ERK1/2 is crucially affected by the scaffold proteins involved in coordinating the assembly and subcellular localization of the Raf-MEK1/2-ERK1/2 cascade. A number of different proteins are known to act as scaffold for the Raf-MEK1/2-ERK1/2 cascade among which b-arrestin, Gbc subunits, the four and a half LIM domain protein 1 (FHL1), kinase suppressor of Ras 1 (KSR1) and Ras GTPase-activatinglike protein 1 (IQGAP-1). Interestingly melusin binds to IQGAP-1, but does not interact with KSR1 or other known ERK scaffolds indicating a unique selectivity [33] of the melusin-dependent ERK1/2 pathway. Based on these data, it can be hypothesized that melusin, together with the scaffold protein IQGAP1, is responsible for the organization of a specific signalosome complex allowing activation of target proteins responsible for adaptive remodeling (Fig. 2) .
Melusin can also bind to p85 (Table 2) , the regulatory subunit of class IA PI3Ks, promoting its lipid kinase activity [43] and, thus, potentially controlling downstream signaling including the AKT/GSK3beta pathway. Interestingly, the major melusin-interacting protein IQGAP1, in addition to Raf, MEK and ERK, can also bind AKT [34] suggesting a possible co-operation of melusin-IQGAP1 complex in the coordinated activation of AKT.
Melusin is also known to interact with the serine/threonine phosphatase PP5 [21] , with the S100 proteins A6, A4 and A1 [11] as well as with the cytoplasmic domain of the beta1 integrin subunit [3] (Table 2) . While the functional consequences of these interactions have not been investigated, it can be hypothesized that binding to the PP5 phosphatase can have an impact on the melusin-dependent ERK1/2 signaling since a major PP5 substrate is the Raf kinase [42] .
The S100 proteins are ubiquitous and multifunctional EF-handed Ca 2? binding proteins. Melusin co-immunoprecipitates with S100A1 and S100A4 [11] and the short sequence between the CS domain and the C-terminal acidic region of melusin (see Fig. 1 ; Table 2 ) binds to the S100 protein in a Ca 2? -dependent manner [11] . The melusin CS domain is also known to bind to the cytoplasmic domain of the integrin beta1 subunit raising the possibility that Ca 2? -dependent S100A binding can regulate interaction of melusin with the integrin cytoplasmic region.
Structural basis of melusin chaperone function
Melusin consists of two zinc binding domains called CHORDs (Cysteine and Histidine-rich domains), a CS domain (shared by CHORD containing protein and Sgt1) [36] structurally similar to a-crystallin and p23 chaperone proteins [13] and a C-terminal Ca 2? -binding domain highly enriched in aspartic and glutamic acid residues [3] (Fig. 1) .
The a-crystallin-like CS domain is a structural feature common to a class of heat shock proteins belonging to the small chaperone family [14] . Indeed, melusin is endowed with intrinsic chaperone activity as demonstrated by its ability to protect protein substrates from heat induced aggregation [35] . A third feature characterizing melusin chaperone function is its ability to bind the well-known heat shock protein 90 (Hsp90) [35] . Hsp90, in association with a number of different co-chaperones, assists folding of several target proteins. Melusin, however, does not behave as an Hsp90 substrate [35] , but it is rather acting in cooperation with Hsp90 to regulate its chaperone function and/or directing it toward specific target proteins.
The structural basis of melusin binding to Hsp90 has been investigated in some detail. The amino-terminal region of melusin containing CHORD I-II domains directly binds to the amino-terminal ATPase domain of Hsp90 [35] . Binding is increased by adenine nucleotides (ADP and ATP) and Ca 2? [21, 35] . CHORD domains are 60-amino acid modules that bind two zinc ions. They are usually arranged in tandem and are highly conserved during evolution from plant to mammals. Six cysteine and two histidine residues are invariant within the CHORD domain (Fig. 1) . Three other residues are also invariant and some positions are confined to positive, negative, or aromatic amino acids. The crystal structure of CHORD domain of Rar1, a protein involved in innate immunity in plants, has been resolved and the Hsp90 binding residues have been identified [46] . CHORD domains also bind to the CS domain [46] , a structure present in melusin itself as well as in the Sgt1 and in small chaperone family proteins [14] . Indeed, melusin CHORD domains bind to the CS domain present in the carboxy terminal region of the protein in a two-hybrid assay with isolated melusin fragments (unpublished results). This property implies that melusin can form dimers and/or concatamers, a property common to several members of the ''small chaperone'' protein family and known to be critical in the regulation of chaperone function [14] . Melusin, in fact, can form homocomplexes in vitro [21] . The protein surface and the amino acid residues involved in the CHORD/CS binding have been defined by resolving the crystal structure of the CHORD of Rar1 bound to the CS domain of the Sgt1 protein [46] . Interestingly, nucleotides can modify both melusinmelusin interaction as well as the melusin binding to Hsp90. In fact, Rar1-CHORD domain directly interacts with the ADP bound to the nucleotide pocket of Hsp90 [46] . Moreover, ADP and ATP, likely binding to melusin itself, increase both melusin/melusin binding as well as its binding to Sgt1 and to the protein phosphatase 5 [21] . In addition, Ca 2? , which is known to bind to melusin, enhances the interactions of melusin with Hsp90 and Sgt1. The ability of nucleotides and Ca 2? to modulate melusin interactions with several molecular partners [3, 11, 21] , clearly add complexity to the dynamics of the melusin/ Hsp90 chaperone system and highlights the need to define the functional consequences on chaperone function.
Concluding remarks
The muscle-specific chaperone protein melusin is required to promote cardiomyocyte compensatory hypertrophy program and survival in response to a number of different stress conditions. Such function requires activation of both ERK1/2 and AKT signaling pathways via the assembly of a signalosome complex which includes the heat shock protein 90 and the scaffold protein IQGAP1.
Melusin levels are depressed in chronic pathological heart conditions such as in failing heart of aortic stenosis patients [4] as well as in experimental models of pressure overload [8] , volume overload [9] and myocardial infarct [17, 40] . At the same time forced expression of the protein in transgenic mice demonstrated strong cardioprotective effect in response to pressure overload, myocardial infarction and ischemia reperfusion injury [8, 28, 40] in the absence of detrimental action on basal heart function. Thus, increasing melusin expression in cardiomyocytes could represent an innovative and powerful therapeutic approach for a number of different cardiac pathological conditions. The innovative aspects, in particular, consist in the muscle-restricted expression of melusin as well as in its chaperone function. The cardiac and striated muscle restricted expression of the protein indicates a selective and dedicated function of melusin in the molecular environment of contractile muscle cells. The chaperone function implies the ability to orchestrate a network of biochemical events specifically directed to sustain cellular function and survival in response to stress stimuli. A delivery protocol capable to selectively target melusin gene to cardiomyocyte in vivo will be a powerful approach. Adeno-associated viruses (AAVs), and the cardio tropic AAV9 serotype in particular, are the most attractive viral vectors for in vivo gene delivery at present allowing efficient and stable transgene expression in the absence of risk of insertional mutagenesis and of significant inflammation or immune response [7, 30] . The AAVs are the current mode for percutaneous intracoronary delivery of SERCA2 gene therapy in heart failure clinical trials [16] . Taking in consideration the highly encouraging results of these initial gene therapy clinical trials [23] , the possible extension of this approach to other therapeutic targets can be considered after appropriate safety tests in preclinical animal models.
